Abstract Parmelia sulcata transplants were used in three different exposure systems, focused on three different influxes: free influx, horizontal influx and vertical influx. The total element deposition and the precipitation volumes were found to be positively correlated for Fe and Ni only. The element contents in lichen transplants and in total element deposition showed significant correlations for Ca, Fe and Mn in the free influx system and for Na, Ni and V in the horizontal influx system. No significant positive correlations were found for the vertical influx. The results indicate that, apart from response rates, the transplant positioning systems may have effects on element-specific net accumulation.
Introduction
With lichen transplants, the material is generally positioned without any pre-set fixed position [1] . Positioning of the lichen is not usually taken into account as a variable of importance. However, results from a lichen transplant study on trace-element air pollution in Portugal suggested that both the positioning of the transplants towards the wind direction and the rate of precipitation were relevant factors in eventual data interpretation [2] . In later Portuguese studies, the transplants were fixed towards the wind direction, and vertically covered (see Fig. 1d ) [3] [4] [5] [6] [7] . The studies, however, did not give any clue as to what extent these measures affected the eventual results obtained. This study comprises three transplant-positioning approaches; free, horizontal covering, and vertical covering (newly introduced transplant positioning system).
Experimental

Exposition set-ups and sampling
Parmelia sulcata was collected from a region of Portugal considered clean from the point of view of air pollution (see Fig. 1a ) [8] . Preparation of the transplants followed previously reported procedures [9] . Nine transplants were separated for determination of the 0-month exposure level functioning as reference levels (RL). A total of 50 transplants (of about 1 g each) were vertically positioned in a polluted area [10] , viz. the ITN campus on February 2001 in three different exposure systems at a fixed height of 1.5 m above the soil. The transplants were exposed in three different systems: free influx (Fi), horizontal influx (Hi) and vertical influx (Vi) (Fig. 1) . The Fi system allows free influx, the Hi system has a cover shielding transplants from direct vertical deposition and the Vi system consists of a vertical white polyethylene tube (0.5-m diameter, 1.5 m high and 3 mm thick) placed over a metallic support to prevent any direct lateral element deposition on the lichen transplant (see Fig. 1e ). Both Fi and Hi systems rotate to be in line with the wind direction. Two Fi and two Hi systems were put in parallel, each having 10 transplants (see Fig. 1c and d respectively): five facing (f) the wind (Fi_f1, Fi_f2 on Fi system and Hi_f1, Hi_f2 on Hi system) and five shielded (s) from the wind (Fi_s1, Fi_s2 on Fi system and Hi_s1, Hi_s2 on Hi system). Within the Vi set-up, two transplant sets (Vi_1 and Vi_2) were put inside the tube, with five transplants each.
Water sampling
Total element deposition was monthly collected using a 25 cm diameter funnel on top of a 10 L polyethylene bucket (see Fig. 1b ). The bucket was covered with a nontransparent (black) plastic bag to avoid light interference.
After collection, the water volume was determined and all samples passed through the 125 lm nylon net to retain possible small floating insects. Samples were acidified with 0.5 mL 67% HNO 3 for each 1 L of water collected, to maintain pH lower than 2, thereby avoiding formation of organic material. The samples were then frozen.
Transplant sample preparation and analyses
Samples were collected on a monthly basis and cleaned by rinsing with distilled water. They were freeze-dried and ground in a Teflon ball mill for 10 min, which together with the sample had been immersed before in liquid nitrogen for 2 min. Element contents were determined by Instrumental Neutron Activation Analysis (INAA, k 0 -standardisation) and Particle Induced X-ray Emission (PIXE) [11, 12] . INAA analysis was carried out using pellets of 500 mg irradiated at the Portuguese Research Reactor (RPI) together with 0.1% Au-Al foil (IRMM-530R) as comparators and a high-purity germanium detector for gamma spectra determination. PIXE analysis was made using a pellet of a thin layer of lichen powder in a boric acid support. Samples were irradiated in the Van de Graaff accelerator at ITN. The X-ray spectra were obtained with a Si(Li) detector and analysed by the AXIL program [13] . Concentrations were obtained by DATTPIXE program [14] .
Water sample preparation and analyses
The collected water samples were analysed by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES) equipped with a Perkin Elmer As-93Plus Autosampler (Perkin-Elmer, Shelton CT, USA). For concentrations below ICP-OES detection limits a Perkin Elmer Ultrasonic Nebulizer (USN 6000
? ) was coupled. Ten measurements per wavelength were made and a flow rate of 1.50 mL min -1 . The analyses were performed at the Faculty of Applied Sciences -Section Radiation and Isotopes for Health (RIH), at Delft, The Netherlands.
Results and discussion
Vi set-up characteristics, relative to Fi and Hi set-ups
The Vi set-up was considered a set-up for which additional measurements were necessary to characterise this set-up relative to the Fi and Hi ones, for factors thought relevant for the general performance of the transplant lichens (temperature, light and turbulence). Overall measured temperatures were regarded as similar for the three systems. The reduced luminance inside system Vi (about 50%) was assumed as not significantly affecting lichen photosynthetic rates, relative to the other systems. Turbulence was negligible in the middle of the tube: in Vi system transplants were put at that position within the tube, and the total tube position was adjusted to assure transplant positioning at a height of 1.5 m above soil level.
Lichen element content compared to the reference level (RL) Data was tested for normal distribution and results have shown that it is normally distributed. Student t-tests [15] were used to test the significance (p \ 0.05) of differences between the lichen element data from the three hanging systems and the initial levels, serving as RL, all irrespective of wind-directional positioning. The results (Tables 1,  2, 3) indicate that transplant element contents should be considered not significantly different from RL values for the full 5-month exposure period for Cs, Hf, K, P, Rb, Se, Si and Sr (Fi system), Cr, Cs, Fe, Hf, La, P, Rb, Sc, Si, Sm, Sr, Th and Zr (Hi system), and Al, As, Cr, Cs, Fe, K, Mg, Sb, Sc, Si, Sm, Sr, Ti and Zn (Vi system). Differences from RL values were obtained for the full exposure period for Co, Mn, Na, Ni, Pb, Sb, V, and Zn (Fi system) and Mn and Na (Hi system). Time-related progressive increases in significance of the differences from RL were observed for As, Cr, Cu, Fe, Ti and S (Fi system), Cl, Ni, S, Sb and Cu (Hi system), and Cu and Zr (Vi system). For most elements, the Fi system resulted in higher rates of element accumulation with the length of the exposure period (also shown by the highest number of elements different from RL values on Fi). It should also be noted that variances between replicates were relatively high, and probably associated to intrinsic variable behaviour of biological systems, of the order of 20% (see data on P. sulcata from FREITAS and NOBRE [16] ). Finally, the progressive increase in differences, of the results obtained on lichen transplants exposed in the different systems from RL, suggests that exposure time may be a very relevant issue in comparisons of the transplant systems.
Lichen element content, precipitation volumes and total element deposition
The amount of rain was collected as 70, 90, 8, 31 and 14 L m -2 respectively for the 1st, 2nd, 3rd, 4th and 5th month of exposure. In the rainwater samples the elements As, Ce, Co, Cr, Hg, Li, Rb, Sb, Sc, Se, Sm, Th, Ti and Y were below the limits of detection. Table 4 presents correlation values (R) for Al, Ba, Ca, Cs, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, Si, Sr, V and Zn as calculated for the correlation between precipitation (in L m -2 ) and total element deposition (in mg m -2 ). Correlation coefficients R with p \ 0.05 meet the 95% significance criterion and should be considered correlated. Also every time a correlation coefficient and a P-value was calculated a scatter plot was generated to visually check the correlation. The data indicate significant (positive) correlations for Fe and Ni only. For Zn, SLOOF [17] also reported the absence of any significant correlation between total element deposition and precipitation volumes; she reasoned that this may be attributed to additional effects from dry deposition and washout side effects from rainfall.
Data, presented in Table 5 shows correlations between the elements concentration in Parmelia sulcata transplants (Fi, Hi and Vi systems) and the total element deposition. Positive and significant correlations (p \ 0.05) were obtained for Ca, Fe and Mn (Fi system), and for Na, Ni and V (Hi system); for the Vi system no significant correlations were found. A strong inverse correlation with total element deposition was observed for K in the Hi system and Vi system, possibly denoting some membrane damage in the transplants exposed within these systems. The release of K is related to cell membrane damage, which has notable consequences for the loss of electrolytes, particularly K and Mg [18] . For the systems used, temperature may be ruled out as in causing losses in lichen vitality (increases in membrane permeability), since all systems experience similar temperatures. Future study may give additional attention to humidity: possibly the systems don't share the same humidity regimes and that can influence the biomonitor response [19] . Another noteworthy observation is that the transplants within the Vi system, (although none significant), show a number of negative correlations with element deposition (e.g. for Al, Ca, Cs, Fe, Mn, Na, Si, Sr and Zn, that is nine out of the 16 elements considered). Is it possible that these elements all result from one or two similar sources of emission with a given particle dimension, which therefore has difficulties to reach the monitor exposed in this system?
Conclusions
The overall data suggest that transplants within Fi systems may respond the fastest relative to those within Hi and especially Vi systems [20] . Vi system usually showed lowest element concentrations and no significant correlation was found with total element deposition. For 14 out of the 35 elements, Vi systems showed no differences with RL values at all. Comparing lichen data to element total deposition, the results suggest that the Fi system should be preferred for Ca, Fe and Mn, and the Hi system for Na, Ni and V [20] ; for the Vi system no significant correlations were found. Results were obtained for specific lichen, and therefore are not necessarily representative for other lichen and so more work should be developed in this area.
